Abstract: Electron and hole separate-path transport is theoretically found in the π-stacked organic layers and columns. This effect might be a solution for the charge recombination problem. The building molecules, named 1,3,5-tricyano-2,4,6-tricarboxy-benzene, contain the mesogenic flat aromatic part and the terminal dipole groups which make the system ferroelectric. The diffusion path of the electrons cuts through the aromatic rings, while holes hop between the dipole groups. The transmission function and the charge mobilities, especially for the holes, are very sensitive to the distance between the molecular rings, due to the overlap of the π-type orbitals. We verified that the separation of the diffusion paths is not destroyed by the application of the graphene leads. These features make the system suitable for the efficient solar cells, with the carrier mobilities higher than these in the organometal halide perovskites.
I. INTRODUCTION
The effect of charge carriers recombination is a very unwanted phenomenon in the photovoltaic materials. There are various attempts to avoid this process in novel solar cell devices. One of the most popular solution, valid for electrons as well as holes, is an addition of the charge trapping layers. These layers selectively permit carriers transport across the multi-junctions. For example, the polymer solar cells equipped with the PEDOT:PSS layers allow to extract hole carriers before they arrive at the anode. 1 Recently, similar hole trapping function has been found for the graphene oxide nanoribbons.
2 It has been shown, that the parameters of the metal-oxidefree methylammonium lead iodide perovskite-based solar cells are also improved by the charge transport layers. 3 On the other hand, the simultaneous trapping of the electrons and holes limits the photovoltaic efficiency. This is an inevitable effect in many systems. The organometal halide perovskites, where the liquid ions 4 and surface states 5 grab both types of carriers are the examples. Another performance key factor is the material structure, 6 particularly important in the solution processed organometal trihalide perovskite solar cells. For this kind of systems, planar heterojunctions are less effective than the mesosuperstructured perovskites, regarding the occurrence of the sub gap states, but superior in terms of carrier mobility. 7, 8 Luckily, the efficiency grows again at very high fluences in the presence of the sub gap states, 9 and the trap-states density can be optimized in terms of the grain size of nanocrystals. 10 In addition, under temperature gradient, several structural phase transitions may occur in these materials, and this fact also influences the diffusion lengths.
11
Modern approach to increase the solar cell efficiency goes towards the so-called bulk heterojunctions, where the granular structure of two materials, the donor-type (e.g. polymers) and acceptor-type (e.g. fullerenes), might be regular or graded. 12 It has been found that a larger grade of the composition corresponds to wider charge transportation path and larger effective conductivity. 12 Alternatively to the bulk heterojunctions, the ordered donor-acceptor materials -integrated heterojunctions -have been synthesized. 13 They are composed of two molecules integrated in the covalent organic frameworks. Recently, these kind of materials gain an attention for their photo-active properties.
13-16
An addition of the inter-layer aligns the energy levels of the multijunction device, in such a way that they form a cascade, efficiently reduces the electronhole recombination. 17 The above effect is intensified if one uses the high/low work-function material for the anode/cathode. This tuning might be done by an adsorption of the dipole moieties.
18
In this work, we present a new solution to the chargecarriers recombination problem -the electron and hole separate-path transport. The considered system has been described in our previous work 19 for its ferroelectric properties. The studied layers are characterized by the cascade energy levels alignment, gradual donor-acceptor layers sequence, and the dipole-proximity tunable work function of the graphene electrodes. In Figs. 1(a) -(c), we present the system which consists of the flat benzenebased molecules, terminated with the cyano groups (NCCH 2 ), that are responsible for the ferroelectric properties, and the carboxy groups (OCOH), that form the hydrogen bonds within the planes. The molecules are named 1,3,5-tricyano-2,4,6-tricarboxy-benzene and their chemical formula reads C 6 -3(NCCH 2 )-3(OCOH). The band gap of the 2D layer is around 3.6 eV, while for the columnar stacks is 2.95 eV. We focused on localization of the diffusion paths, but also analyzed the electron and hole mobilities within the planes and across the stacks. The considered building molecules represent the most simplified model molecules possessing the desired properties. Systems similar to the considered ones, could be realized in industry by modifications of the existing columnar liquid crystals, 20 or via the self-assembly of the 2D molecular systems, for example on graphene. This has been reported in the experimental 21 and theoretical works. 22 Alternatively, one could base on the production processes of the covalent organic frameworks 23,24 using the external electric field in order to orient all dipole groups ferroelectrically, and avoid formation of the antiferroelectrically coupled domains.
25
The ferroelectric hydrogen-bonded organic frameworks 19, 26 could be obtained by modifications of the covalent integrated heterojunctions 13 or bulk organic ferrolectrics. 27, 28 We expect that these frameworks would be interesting for the solar cell community, opening a new door for the efficient photovoltaic devices.
II. METHOD
We calculated various material properties derived from the electronic states obtained within the density functional theory (DFT). All calculations, except for the transmission function, were performed employing the Quantum ESPRESSO suite of codes. 29 The density of states (DOS), band structures, and carrier mobilities for the one-, two-and three-dimensional structures were obtained on top of the Bloch states, represented in the plane-wave basis set and the pseudopotentials for the core electrons. For most of the calculations, if not stated explicitly, the exchange-correlation functional was chosen for the gradient corrected Perdew-Burk-Erzenhof parametrization. Fig. 1(c) , for the top layer of the six monolayers system in the AA-type stacking.
In order to accurately interpolate the band structures, we used the wannier90 package, 31 which enables finding the maximally-localized Wannier functions for the composite bands.
32,33 Next, we projected the band structures on the optimized Wannier functions, which were centered around chosen atoms.
The mobilities µ are defined as the ratio of the conductivity σ and the carrier density ρ, that is obtained from the quadrature of the DOS, and the system volume V, µ = σ/(eρ), whereas e denotes the electron charge. The conductivity is defined as follows: band index n and the reciprocal space k. We used the constant τ approximation within this work, with its value set to 10 fs. The first derivatives of the energy bands in the Brillouin zone were obtained using the BoltzWann post-processing code 34 from the wannier90 package. The total relaxation time is a sum of many contributions: elastic (due to acoustic phonons), nonelastic (due to the optical phonons), and the ionic impurities effects.
The elastic scattering theory and the Fermi golden rule
The elastic constant, C ii , can be obtained from the total energies, E and E 0 , of the strained and equilibrium system with respect to the dilation (∆l/l 0 ), following the
The value E 1 can be obtained from the valence and conduction band energy change ∆ǫ V BT (CBM) -for the holes and electrons, respectively -with respect to the dilation (∆l/l 0 ). Theta denotes the angle between the vectors k and k', and for the 1D structure can be equal only 0 or 180 deg. Contribution to the relaxation time is nonzero only for the backward scattering.
The nonelastic scattering due to the electron-phonon coupling with the optical phonons is much lower than that from the acoustic phonons. This fact is highlighted in the work about the naphthalene crystal. 36, 37 Importance of the acoustic phonons has been reported also for the organic perovskites. 38 For the ordered quasi-1D systems, in absence of the elastic and ionic contributions, purely electron-phonon scattering might lead to the mobilities, which are three orders of magniture larger than these measured for the 3D-disordered crystals of the same molecules.
39
In contrast to the nonelastic effects, the scattering in the presence of the charge impurities often predominates in the organic crystals. 36, 38, 40 In this case, the screened Coulomb potential leads to the scattering matrix elements
where n is the concentration of the ionic impurities, Z ion is the charge of the impurity, L D is the Debye screening length with the free charge concentration N 0 , the relative permitivity of the material ε r and the dielectric constant of the vacuum ε 0 . The dielectric constant of the 1D molecular systems was obtained using the Quantum Espresso postprocessing tool epsilon.x.
42
The transmission functions were calculated using the DFT method, as implemented in the siesta-3.0 package. 43, 44 The software is based on the pseudopotential approach and uses a finite range localized basis sets. The transport computations 45 use the non-equilibrium Green's functions, represented in terms of the solutions of the Kohn-Sham Hamiltonian. 46, 47 Both the local-density approximation (LDA) for the electron exchange and correlation in the Ceperley-Alder parametrization, 48 as well as the PBE parametrization, were used to compare the transmission functions for the system geometries optimized in each method.
The system geometry, used for the transport calculations, has been arranged as follows: the molecule was sandwiched between the two graphene planes (upper and lower). The upper and lower graphene sheets were oriented in the AA-type stacking with each other and with the molecular aromatic-ring. In order to provide the charge flow, for biased system, from the upper graphene sheet across the molecule to the lower graphene sheet (or vice versa), both graphene sheets were terminated. The edge atoms of graphene were additionally passivated with the hydrogen atoms. The extensions of the upper and lower graphene planes formed the left and right electrodes. Thus, the scattering region consists of the molecule, as well as the upper and lower discontinuous graphene sheets. The supercell contains 850 atoms. The interplanar graphene distance in the geometry optimized with the LDA scheme is 8.6Å, and in the GGAstructure, it is 9.8Å. The maximal examined value of the k-sampling of the Brillouin zone, along the passivated graphene-edge direction, was k = 10. Further details are included in the supporting information.
III. RESULTS AND DISCUSSION
Observation of the charge carrier paths, for the electrons and holes separately, sets a challenge for the experimental techniques. Hence, only a hypothesis has been derived from the experimental work on the reduced bimolecular charge recombination in the metal-halide perovskite system.
49
In contrast, the theoretical methods allow to picture the carrier density in the real space by projection on the chosen atomic orbitals. Several molecular layers in the AA-type stacking pattern (one exactly on top of the other) absorb light better than the single one, which would be transparent and photovoltaicly inefficient. Additionally, the electronic transport across the films of the certain thickness might be affected by the stacktermination effects. For the polar layers, terminated with the nitrogen atoms on the top and mostly hydrogens at the bottom, one could expect different density of states for the outermost and inner layers. Surprisingly, the analysis of the projected DOS (PDOS) for the six layers system leads to the conclusion, that the hole and electron properties do not differ depending on the layer position in the stack. Fig. 2 shows the PDOS for the top layer only. The corresponding pictures for all the following layers do not differ in shape one from another. Although, as described in our previous work they are shifted in the energy, according to the Stark effect. 19 The PDOS for all six layers is presented in Fig. S1 in the supporting information. The PDOS analysis indicates, that the electrons and holes localize at different parts of the building molecules. The electrons tend to localize at the central ring, while holes at the dipole terminal groups. This space separation is strongly pronounced for the electrons and light holes, and to some extend for the heavier holes. Similar space separation has been reported for the covalent organic frameworks where two different molecules play the role of acceptor and donor. 13 We model the effect of the electrodes on the terminal layers of the optically active material with the graphene sheets. This material is a good candidate for both the cathode and anode, due to its high polarizability and induced change of the work function. 19 The hydrogen bonds within the 2D networks are weak, and in fact, there are also possibilities to pattern at graphene without any intermolecular bonding.
21,50 Hence, we consider the separated molecular stacks with three different arrangements between the molecules and graphene. The top and side views are presented in Figs. 3(a)-(d) . By breaking the planar connections, we gain the additional path for the holes, which now can move between the neighboring carboxy groups. As seen in Fig. 3(e) , the application of the graphene electrodes do not affect the electron-hole path separation. The effect of molecular orientation with respect to the graphene axes, as for the cases presented in Figs. 3(a)-(c) , turned out to be negligible. The PDOS for all other considered orientations is presented in Fig.  S2 in the supporting information.
Breaking the planar bonds, as well as addition of the graphene leads, modifies the valence band character. Comparison of Fig. 2 and Fig. 3(e) , shows that the top of the valence band in the 2D case (Fig. 2) is built of the states localized at nitrogens and oxygens -which means that the NCCH2-and COOH-group contribute to the states at the same energy below the Fermi level. In contrast, in the 1D case (Fig. 3(e) ), the PDOS is built of the oxygen states close to the Fermi level and energetically deeper (around 2-3 eV below the valence band top) nitrogen states. This is a fingerprint of the energetic separation of the light and heavier hole. The same property is exhibited by the infinite 1D molecular stack, for which the band structures projected at the near atomiccentred Wannier functions are shown in Figs. 4(a) and (b) for two lattice constants. The projection onto oxygens (the red color in the middle panel) shows that the contribution of the COOH group is energetically located just below the Fermi level. While the projection to ni- trogens (the orange color in the leftmost panel) displays the energetic location of the contribution of the NCCH2 group, which is well below that of the COOH moieties. The bandwidth is a signature of the carrier mobility, and it is sensitive to the strength of the p z -orbitals overlap. This can be seen from a comparison of the two above described band structures. The bandwidth of the light hole is about 0.5 eV, for the larger separation between the π-rings (Fig. 4(a) ), and about 1 eV, for the more closely stacked case (Fig. 4(b) ). The heavier hole extends to about 1.4 eV or 1.85 eV for the GGA-or LDA-optimized ring separations, correspondingly. These bandwidths are directly connected to the hole mobilities, which are the derivatives of the energy levels with respect to the lines in the k-space (the change of the point in the Brillouin zone). In other words: fast carriers move along thick bands. The effect of the inter-ring separation for the electron mobilities is less pronounced that that for the holes.
The energy barriers for the rotation of the dipole groups are expected to be small especially at the elevated temperatures, when the devise is exposed to Sun shine. But in the technological reality, the columnar liquid crystals are densely packed, as well as the columns studied in this work are also placed closely -on the hydrogen bond distance in the 2D case. The 1D model is good enough for the analysis of the mobilities, but the working device will be more similar to the 2D case, where flipping the orientation of the dipole group is not as easy as in the 1D case.
The transport properties of the columnar and planar systems differ too. Therefore, in Fig. 5 , we compare the electronic structures of the 1D and 2D systems, including also the model 3D bulk material, which connects the parameters of those two. For the efficient solar cell devices, it is desirable to achieve high conductivity across the lay- ) electrons, calculated at 300 K with the relaxation times obtained with the elastic scattering theory (τ ac ), the scattering on the ionic impurities (τ imp ), and the both effects (τ ). For better visibility, we scaled some curves as denoted in legends.
ers, whereas insulating properties within the planes -for the purpose of the energy dissipation reduction. Indeed, the band dispersions of the 2D system are very flat with respect to the 1D case. The band gap of the 2D molecular layer is very similar to the HOMO-LUMO gap of an isolated molecule, and decreases with the thickness of the film, to be the smallest for the infinite molecular wire.
The number of carriers (holes and electrons) per the energetic range decreases for the low dimensional systems. The mobilities are defined as the ratio of the conductivity, proportional to the band dispersion, and the carrier density. This is one of the reasons for the high carrier mobilities obtained in graphene, for example. and 9.2Å, repsectively. stacking); even at larger (the GGA) lattice constant. This effect is enhanced for the holes, due to the vertical geometry of the dipole groups, which makes the intermolecular distances in the terminal parts smaller than in the central part. On the other hand, the inter-ring distances are equal to the lattice constant of the chain, thus much larger than for instance the interplanar distances in graphite (≈3.4Å). Decreasing the lattice constant, the electron mobilities grow about 4 times, while the corresponding increase for the holes is about 15 times. Additionally, in the supporting information, we show the conductivities scaled with the constant relaxation time and plotted for several temperatures, for the 2D and 1D cases; see Figs. S4 and S5 in the supporting information, respectively. For the 2D system, a decrease of the conductivity with the temperature is much more strongly pronounced with respect to the 1D case. Moreover, we observe a visible anisotropy of the hole conductivity along the zigzag and armchair directions in our hexagonal molecular lattice. It is worth to point out, that it is not the case for the electron mobilities.
In order to go beyond the mobilities parametrized with the relaxation time, for the 1D infinite molecular column, we estimate the scattering effects according to the elastic and the ionic impurity contributions. We abandon the calculation of the optical-phonons contribution, because in the organic systems this kind of scattering is much lower than that caused by the acoustic phonons.
36-39
Taking into account only the elastic scattering, the calculated relaxation time for the molecular pillar with the intermolecular distance of 4.6Å is 0.36 ps for holes and 0.8 ps for the electrons. These values of τ correspond to the moblities achieving 5000 cm 2 V −1 s −1 for the holes and 1360 cm 2 V −1 s −1 for the electrons. In order to calculate the scattering from the ionic impurities, we used the formulae given in the methods section and assumed one ionic impurity with the charge 1 or -1 (which leads to the same result) per ten molecules in the wire (n=0.1/(4.6Å), Z ion =1). The density of free carriers is assumed 1 per the unit cell for the holes and electrons (N 0 =1/(4.6Å)). The relative dielectric constant ε r of our wire was found 1.2 -accoring to the static component of the real part of the dielectric function. 42 The calculated relaxation time for the ionic impurity scattering only is 23 fs for the holes and the electrons. Thus, the maximal values of the mobilities achieve 300 cm 2 V −1 s −1 and 39 cm 2 V −1 s −1 for the holes and electrons, respectively.
The ionic scattering takes over the acoustic contribution. Hence, the total relaxation time is 21.6 fs for holes and 22.6 fs for the electrons. The mobilities rescalled according to the obtained relaxation time are printed for holes and electrons in Figs. 7(a) and 7(b), respectively. Concluding, the elastic effects in our molecular wires are compared to these in the organometal halide perovskites. 38 The addition of the ionic defects -which are often in the molecular crystals 36, 37, 40 -drastically increases the scattering and decreases the mobilities. Our analysis shows that, despite the presence of the ionic impurities, the mobilities in our 1D system are high in comparison to other organic systems. The previous works show that the mobilities in some organic materials excess 100 cm 2 V −1 s −1 at low temperatures. 51, 52 We underline, that the systems studied in this work are highly ordered, which is another reason for the low scattering and it is known that the mobilities in organic crystals are very anisotropic. 53 We compare the mobilities for our systems with these of the organometal halide perovskites. 38, 49, 54 The relaxtion time calculated for our 1D system leads to the mo-bilities -300 and 39 cm 2 V −1 s −1 for the holes and electrons, respectively -and these values are larger than for the perovskites. For instance, for CH 3 NH 3 PbI3 in the cubic structure, reported in Fig. 4 in Ref. [54] , the maximal values for the holes achieve 12 cm 2 V −1 s −1 and 8 cm 2 V −1 s −1 for the electrons -with the assumed relaxation time of 1 ps for the both types of charges. These values agree with the measured mobilities. 49 However, the other ab initio calculations with the inclusion of the spin-orbit coupling, reported in Table 1 in Ref. [38] , lead to largely overestimated values of 1400-2200
for the holes and 570-800 cm 2 V −1 s −1 for the electrons. The above mobilities were obtained with the same methods which were applied in this study. The relaxation times obtained by Zhao et al. 38 are an order of magnitude larger than our values reported in Figs. 7(a) and 7(b). This overestimation results probably from large increase of the bandwidths when the spin-orbit coupling is included and the quasiparticle corrections not.
55
A single molecule sandwiched between the terminated, H-passivated graphene planes is shown in Fig. 8(a) . This is the minimal model which represents the π-stacking order between the optical spacer (molecules) and the electrodes. The zero-bias transmission function calculations are performed within the GGA and LDA schemes -see Figs. 8(b) and (c), respectively. The two coupling strengths, related to the distances between the molecule and the planes, are considered. The stronger (weaker) coupling corresponds to the case, where the distances are set to 4.6 and 4.0Å (5.2Å and 4.6Å) for the upper and lower graphene-molecule separations, respectively. The value of the width of the band gap visible in the transmission function stays in a good agreement with the gap size in the PDOS obtained for the molecular stack, see Fig.  3 (e). The coupling strength determines the widths of the transmission peaks, i.e. increasing the coupling broadens the peaks. These facts correspond to the discussed mobility features, as well as the band structure derived conclusions. For the weaker coupling cases the positions of the peaks are slightly shifted towards the Fermi energy. This effect is related to the renormalization of the energy levels of the system. The threshold bias for the 'dark current' is about 3 eV for the holes, while for the electrons it is approximately 2 times higher.
IV. CONCLUSIONS
We found and discuss the unique transport properties in the π-stacked aromatic-rings with the terminal groups possessing the dipole moment -the separate paths for the electrons and holes. This feature could be a solution for the charge recombination problem in the solar cell devices. The electronic diffusion paths cut through the aromatic rings, whereas the holes hop between the neighboring dipole groups. We verified theoretically, that connecting the system to the graphene electrodes does not destroy the above separation. The ferroelectric and pathseparation properties are not necessarily directly connected to each other. The driving force for the electronhole separation is not the dipole moment itself, but the excitonic character of the system -with the donor states at the p-electron rich atoms and the acceptor states at the aromatic ring.
The proposed materials can be realized in 2D or 1D, as the layers or molecular wires, correspondingly. For the simplicity, we use the smallest model: one benzene ring, and the cyano groups for the ferroelectric properties, and the carboxy groups for the formation of the hydrogen bonds within the planes. This choice of the planar bonds is dictated by the requirement of a high planar resistance. On the other hand, the carrier mobilities, for the electrons and holes across the layers, respectively, are one and two orders of magnitude larger than the planar ones.
In comparison with the organometal halide perovskites, reported in Ref. [54] , our mobilities along the π-stacked 1D columns are an order of magnitude larger for holes and about 5 times larger for electrons. These values are obtained in the presence of one charged impurity per ten molecules, which gives large contribution to the scattering mechanisms.
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